Purpose Severe combined immunodeficiency (SCID) is a syndrome of diverse genetic cause characterized by profound deficiencies of T, B and sometimes NK cell function. Non-ablative HLA-identical or rigorously T cell-depleted haploidentical parental bone marrow transplantation (BMT) results in thymus-dependent genetically donor T cell development in the recipients, leading to a high rate of longterm survival. However, the development of B cell function has been more problematic. We report here results of analyses of B cell function in 125 SCID recipients prior to and long-term after non-ablative BMT, according to their molecular type. Methods Studies included blood immunoglobulin measurements; antibody titers to standard vaccines, blood group antigens and bacteriophage Φ X 174; flow cytometry to examine for markers of immaturity, memory, switched memory B cells and BAFF receptor expression; B cell chimerism; B cell spectratyping; and B cell proliferation.
Introduction
Severe combined immunodeficiency (SCID) is a syndrome of diverse genetic cause characterized by profound deficiencies of T and B cell function and, in some types, also of NK cells [1] . This condition is uniformly fatal in the first 2 years of life unless immune reconstitution can be accomplished [1] [2] [3] . SCID is currently known to be caused by mutations in at least 13 different genes. X-linked SCID is caused by defects in the common gamma chain (γc) [4, 5] . Mutations in the genes encoding adenosine deaminase (ADA) [6] , Janus kinase 3 (Jak3) [7] , the α chain of the IL-7 receptor (IL7Rα) [8] , recombinase activating genes 1 or 2 (RAG1 or RAG2) [9] , CD45 [10] , the Artemis gene [11] , ligase IV [12] , DNA protein kinase catalytic subunit (DNA-PKcs) [13] , CD3δ [14] , CD3ε [15] or CD3ζ [16] also result in SCID and are inherited as autosomal recessive traits.
Since 1968, the standard treatment for all forms of SCID has been allogeneic bone marrow transplantation from HLA-identical or haploidentical related donors or, in some instances, from unrelated donors. The principal causes of death in such infants have been fatal viral infections present at the time of referral. [1] Infants with all genetic types of SCID given T cell-depleted HLA-identical or haploidentical bone marrow stem cells without or with pre-transplant chemoablation or post-transplant GVHD prophylaxis develop phenotypically and functionally normal, genetically-donor T cells at between 90 and 120 days post-transplantation [1] [2] [3] [17] [18] [19] [20] .
While bone marrow transplantation has resulted in lifesaving T cell reconstitution in most SCIDs, correction of B cell function has been more problematic. It has been suggested that the need for post-transplantation immunoglobulin (IG) replacement is due to a lack of donor B cell engraftment, attributed to a lack of pre-transplant chemoablative conditioning, although data to support the latter premise have been far from clear. Few studies have been published regarding longterm B cell function in patients with SCID who have received bone marrow transplants [2, 3, 19, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . A review of 19 reports from Europe and the United States published over the past two decades found that the percentage of survivors with B cell chimerism and/ or function was higher and the percentage requiring IG replacement was lower at those Centers that used pretransplant conditioning [31] . However there were substantial numbers of patients requiring IG replacement at all centers, so pre-transplant conditioning does not guarantee development of B cell function. More importantly, survival rates were higher at those centers that did not use pretransplant conditioning or immunosuppressive drugs posttransplantation for graft-versus-host disease (GVHD) prophylaxis [31] . This paper reports on B cell function in 125 surviving SCIDs who received non-ablative bone marrow transplants without post-transplantation GVHD immunosuppressive drugs at a single center over a 28 year period.
Methods

Patients and Transplantations
We studied the 125 surviving SCID patients out of a total of 165 (76 %) transplanted at Duke University Medical Center from May 19,1982 to May 19, 2010 without pre-transplant chemotherapy or post-transplantation GVHD prophylactic drugs for the status of their B cell function. One hundred forty-eight patients received rigorously T-cell depleted haploidentical parental bone marrow stem cell transplants. The other 17 received either unfractionated bone marrow or T cell depleted bone marrow cells from an HLA-identical relative. Thirty (75 %) of the 40 patients who died succumbed to viral infections present at the time of transplantation, but none died of GVHD. At the time of this analysis, patients ranged from 8 months to 28 years post-transplantation, with 81 of them being more than 10 years post-transplantation. Fifty-eight of the surviving patients have γc-Def SCID [5] , 8 have Jak3-Def SCID [7] , 17 have IL7Rα-Def SCID [8] , 18 have ADADef SCID, 6 have RAG-1 or RAG-2 Def SCID) [9] . 3 have mutations in the various chains of CD3 (CD3-Def) [32] , one has CD45-Def SCID [10] , 1 has Artemis-Def SCID [33] , 1 has cartilage hair hypoplasia (CHH), 11 have autosomal recessive (AutoRec) SCID of unknown molecular type and there is 1 male SCID of unknown molecular type (Table I ). All studies were performed with the approval of the Duke University Medical Center Institutional Review Board and with the written informed consents of the parents.
Donor bone marrow was depleted of T cells by agglutination with soybean lectin and two cycles of rosetting with sheep erythrocytes that had been treated with aminoethylisothiuronium bromide as previously described [17] . The method of T cell depletion was the same for all recipients over the 28 years of this study. Forty-three of these patients were treated with a non-ablative booster BMT in an effort to improve T cell function or, in two cases, to achieve B cell function and the outcomes of the booster transplants are described in a separate manuscript (submitted). Four of the patients underwent gene therapy elsewhere (2 with ADADef in Italy, 2 with γc-Def SCID at the NIH). Gene therapy was successful in the two ADA-Def but unsuccessful in the 2 γc-Def patients who subsequently each received a matched unrelated donor (MUD) transplant following reduced intensity conditioning. Two ADA-Def patients are currently receiving polyethylene glycol modified bovine adenosine-deaminase (PEG-ADA), and one received a MUD bone marrow transplant elsewhere. One ArtemisDef patient received a MUD bone marrow transplant elsewhere.
Serum Immunoglobulin and Antibody Measurements
Serum IgG, IgA, IgM and IgE were quantified by single radial diffusion or nephelometry [34] . Anti-diphtheria and anti-tetanus antibodies were determined by tanned red cell hemagglutination [35] or by an ELISA after standard vaccines had been administered, and isohemagglutinins were measured by a microtiter plate assay. Bacteriophage ΦXl74 responses were assessed after the administration of 0.02 ml/kg of bacteriophage intravenously by measuring antibody responses and isotypes of the antibodies following primary and secondary immunizations, as reported by Ochs et al. [36] .
B Cell Chimerism
The relative proportion of donor B cells was assessed on EBV-transformed B cell lines established at varying times post-transplantation or on blood B cells using fluorescence in situ hybridization (FISH) [37] , and more recently by restriction fragment length polymorphism (RFLP) or short tandem repeats (STR) in the cases where the donor and recipient were of the same sex.
Flow Cytometry
Multi-color flow cytometry was performed on blood B lymphocytes with the use of murine monoclonal antibodies to CD19, CD20, CD22, CD10, CD5, CD27, CD23, CD38 and IgD, purchased from Beckman Coulter (Miami, FL), Invitrogen (Carlsbad, CA) and Becton Dickinson (San Jose, CA). CD10, CD5 and CD38 are molecules present on immature B cells, whereas CD19, CD20 and CD23 are found on both immature and mature B cells. Switched memory B cells were detected as described, using monoclonal antibodies to CD22, CD27 and IgD [38] . The expression of BAFF-R on CD19+ B cells was detected by flow cytometry using biotinylated or fluorescently labeled mAbs (eBioscience, CA) following the manufacturer's recommendation. The receptor for BAFF (BAFF-R), a normal B-cell survival and differentiation factor, is expressed preferentially on B cells.
B Cell Isolation, Culture and Function
Venous blood from healthy controls and patients was collected into heparinized tubes. PBMC were isolated using Ficoll density gradient centrifugation. Fresh or cryopreserved PBMC were used for the isolation of B cells. Benzonase was added to cryopreserved cells upon thawing [39] . CD19+ B cells were positively selected using anti-CD19 magnetic beads (MACS; Miltenyi Biotec, Auburn, CA). The positively selected cell populations contained >86 % B cells, as detected by flow cytometric staining with an anti-CD20 mAb (data not shown). The cells were resuspended in RPMI 1640 supplemented with 10 % human serum (Gemini) and 1 % PSG (100U/mL penicillin, 100ug/mL streptomycin and 2 mmol/LL-glutamine) (Sigma-Aldrich). B Cell Receptor Spectratyping RNA was prepared from 2 to 5×10 6 fresh or cryopreserved PBMC specimens using Trizol (Life Technology, Gaithersburg, MD) and reverse transcribed to single stranded cDNA with AMV reverse transcriptase using an oligo dT primer according to the manufacturer's protocol (Promega, Madison, WI). The newly synthesized cDNA was then used as a template for individual PCR reactions. The PCR reactions were carried out in 20 μl volumes by standard procedures using six VH forward primers (VH1: CCATGGACTGGACCTGG; VH2: ATGGA CATACTTTGTTCCAC; VH3: CCATGGAGTTTGGGCT GAGC; VH4: ATGAAACACCTGTGGTTCTT; VH5: A T G G G G T C A A C C G C C A T C C T ; V H 6 : ATGTCTGTCTCCTTCCTCAT) and a reverse JH consensus primer (JH-cons: AACTGCAGAGGAGACGGTGACC). [40] The samples were subjected to 41 cycles of denaturation (1' at 94°C), annealing (30″ at 60°C), and elongation (1′ at 72°C).
After the last cycle, a final elongation step (5′ at 72°C) was performed. The PCR products were visualized on a 2 % agarose gel by ethidium bromide staining before using 2 μl of the amplified products for a run-off elongation reaction with a fluorescent (G-FAM) JH nested primer (FAM-TATATTGT(G/ C/T)CC(C/A/T)TGGCCCCAG). The elongation products were then run on a sequencing gel. Fluorescence-labeled size markers (Applied Biosystems, CA) were loaded with the runoff products. After analysis on an automated sequencer (Applied Biosystems, CA) size determination of the run-off products and the analysis of the CDR3 region products were performed using GeneScan software. Spectratype profiles showed a polyclonal Gaussian distribution of peaks (327-422 bp in size) in samples of normal control PBMC; an oligoclonal distribution, from two human lymphoma B cell lines Namalwa [41] and OCI-Ly80 [42] and from normal human EBV-transformed B cells; no amplified products from a T cell line (Jurkat).
Statistical Analysis
Individual comparisons of the mean numbers of B cells bearing the different markers prior to transplantation and at the latest transplant date between pairs of molecular types of SCIDs and with normal controls were performed using a two-sided Satterthwaite test [43] . To maintain an overall Type 1 error rate near 0.1 for each individual set of comparisons between the SCID types and normal controls a conservative Bonferroni [44] (0.1/k) alpha level was used, where k is the number of SCID type to normal control comparisons in any individual analysis set. In most analyses k07 SCID type versus normal control comparisons are made and therefore comparisons with p-values less than 0.0143 (≈0.1/7) were considered statistically significant. However, in certain individual analyses k06, 5, and 2 and therefore p-values less than 0.0167, 0.02, and 0.05 were considered significant.
Results
B Cell Chimerism and IG Replacement
As seen in Table I , B cell chimerism was found in only 36 (29 %) of the 125 patients at the latest time studied posttransplantation. The molecular defects with the highest percentages of donor B cell chimerism were X-linked SCIDs, of which 21 (36 %) had donor B cells, and ADA-Def SCIDs of which 6 (33 %) had donor B cell chimerism, with smaller percentages of donor B cell chimerism found among the other molecular types. We have done longitudinal studies of B cell chimerism and have found that this does not change significantly with time (data not shown). The two patients who received booster BMT with the sole purpose of achieving B cell chimerism failed to do so. Eighty-nine (71 %) of the patients do not have donor B cell chimerism. Nevertheless, only 61 (48.8 %) of the 125 survivors require immunoglobulin (IG) replacement therapy. Thus, 28 of the survivors without B cell chimerism do not require IG replacement. Sixty-two percent of those requiring IG replacement are X-linked SCIDs; 38 patients are currently receiving it and 37 of them do not have B cell chimerism. In the one remaining case with donor chimerism, it is too soon to know whether IG therapy can be discontinued. Other molecular types with a high percentage receiving IG replacement are RAG-Def SCIDs (83 %) and autosomal recessive SCIDs of unknown molecular type (73 %). By contrast, only 1 (6 %) of the patients with IL7Rα-Def SCID, 4 (22 %) of the ADA-Def SCIDs and none of the CD3-Def SCIDs require IG replacement. Only 1 of the IL7Rα-Def SCIDs and none of the CD3 chain deficient SCIDs have donor B cell chimerism. Thus, host B cells appear to be able to cooperate with donor T cells and function normally in these particular SCID defects. Figure 1 shows the concentrations of serum IgA, IgM and IgE prior to (Fig. 1a) and at the latest time studied posttransplantation (Fig. 1b) . These isotypes are not present in transplacentally-transferred immunoglobulin or in IG preparations. Many of the infants were neonates or receiving IG when referred, and 62 of the survivors are currently receiving IG replacement. Prior to transplantation (Fig. 1a) , the log 10 Ig levels for the following SCID groups were significantly smaller when compared to the values for the normal controls: IgA for X-Linked SCID (p 00.0044), IgM for ADA-Def, AutoRec and X-linked SCIDs (p 00.0022, 0.0141, <0.0001), and IgE levels for ADA-Def, RAG-Def and X-linked SCIDs (p00.0026, 0.0136, 0.0003). All other comparisons were not different from normal. At the latest time post-transplantation (Fig. 1b) , the log 10 Ig levels for the following SCID groups were significantly smaller when compared to the values for the normal controls.: IgA for the ADA-Def, AutoRec and X-Linked SCIDs (p00.0122, 0.0127, <0.0001), IgM for ADA-Def, RAG-Def and Xlinked SCIDs (p00.0025, 0.0007, <0.0001), and IgE levels for AutoRec, IL7Rα-Def, RAG-Def and X-Linked SCIDs (p00.0067, <0.0001, 0.0031, <0.0001).
Serum Immunoglobulins and Antibodies
Measurement of antibody titers to standard vaccines is non-informative when patients are receiving IG replacement. Table II displays the antibody titers in the patients who are no longer receiving IVIG. As can be seen, most but not all of these patients have normal serum immunoglobulin levels and appropriate antibody titers to tetanus and diphtheria toxoids and to blood group antigens. In the cases of the IL7Rα-Def, ADA-Def and CD3-Def SCIDs, there was a very low rate of B cell chimerism. Antibody production capability can be assessed in those receiving IG replacement by giving them the neoantigen bacteriophage Φ X174 and measuring antibody responses and isotypes of the antibodies following primary and secondary immunizations. Neither IVIG nor subcutaneous immunoglobulin (SCIG) contains antibodies to this neoantigen. In an effort to determine whether IG therapy could be discontinued, we have been able to administer bacteriophage Φ X174 to 61 of these patients, and the results we found in all 61 of the immunized patients are displayed in Fig. 2 . All 61 patients have donor T cell chimerism and good T cell function. Only 20 of the 61 patients had B cell chimerism: 12 of the 33 X-linked, 5 of the 10 ADA-Def, and 1 each of the RAG-Def, IL7Ra-Def and Jak3-Def. After transplantation, the mean peak antibody response to bacteriophage for CD3-Def SCIDs was significantly smaller (p<0.0001) than that for the normal controls (Fig. 2a) while the mean peak antibody responses to bacteriophage for all other SCID types were not significantly different from normal controls. The mean percentages of IgG antibody made after the second immunization are shown in Fig. 2b according to the molecular type of SCID. These percentages were significantly smaller than that for normal controls for Jak3-Def (p<0.0001), X-Linked (p<0.0001) and ADA-Def (p00.0475) SCIDs. The most striking differences were seen in the first two types, and those with Jak3-Def SCID had a lower mean percentage of IgG antibody those with X-linked SCID (p00.0156). Despite the fact that both CD3-Def patients had quantitatively low antibody titers to bacteriophage Φ X174, they both had normal IgG isotype switching and made normal antibody titers to their standard vaccines after IG therapy was discontinued. Neither had donor B cell chimerism.
B cell Phenotypes
Prior to transplantation, the mean number of CD19+ B cells was significantly larger (p00.0005, Fig. 3a) for the XLinked SCIDs than that for the normal controls, while the mean number of CD19+ B cells was significantly smaller in ADA-Def SCIDs (p<0.0001) than that for normal controls. B cells were not detected in RAG-Def, CHH and ArtemisDef SCIDs (not shown in Fig. 3 ). The mean numbers of CD19+ B cells for all other SCID types were not significantly different from normal controls. The X-linked, Jak3-Def and IL7Rα-Def SCIDs also had markedly increased expression of three molecules present on immature cells: CD10, CD5 and CD38 (Fig.3a) (p < 0.0001, 0.0035, <0.0001). The mean numbers of CD5+ B cells were significantly larger in X-linked and IL7Rα-Def SCIDs (p<0.0001 and p<0.0001) than in normal controls. The mean number of CD38+ B cells were significantly larger in X-linked SCID (p<0.0001) than in normal controls. Prior to transplantation, the mean number of CD23+ B cells was significantly smaller than normal (p<0.0001) in the ADAdef SCIDs and significantly larger than normal (p<0.0001) in the X-Linked SCIDs.
After successful T cell reconstitution by bone marrow stem cell transplantation, the RAG-Def, Artemis-Def, and CHH did not develop B cells. As shown in Fig. 3b , the mean numbers of CD19+ total B cells for ADA-Def and IL7Rα-Def SCIDs were significantly smaller (p < 0.0001, p 0 0.00015) when compared to age-appropriate normal controls, whereas the mean numbers for all other SCID types were not significantly different from normal. The mean number of CD10+ B cells for X-Linked SCIDs was significantly larger (p<0.0059) when compared to normal controls, but the mean numbers for all other SCID types were not different from normal. The mean number of CD5+ B cells for the AutoRec SCIDs was significantly smaller (p00.012) than that for normal controls, but the mean numbers for all other SCID types were not different from normal. The mean numbers of CD38+ B cells for ADA-Def, CD3-Def, and IL7Rα-Def SCID types were significantly smaller (p00.0025, 0.0079, <0.0001) when compared to normal controls, but the mean numbers for all other SCID types were not different from normal. Therefore, SCID B cells do not retain an immature phenotype after transplantation. At the latest time tested post-transplantation, the mean numbers of CD23+ B cells were lower in the ADADef (p00. 001) and IL7Rα-Def (p00.0023) SCIDs than in the normal controls, but were not significantly different from normal for all other SCID types.
We were also interested in knowing about the appearance of CD27+ (memory) B cells. Memory B cells are capable of producing diverse plasma cells making antibodies of Fig. 4a , before transplantation the mean percentages of CD19+/CD27+ B cells for IL7Rα-Def, Jak3-Def, and X-Linked SCIDs were significantly smaller (p<0.0003, 0 0.020, <0.0001) than that for age appropriate normal controls. Post-transplantation, the mean percentages of CD19+/CD27+ B cells for only the Jak3-Def and X-Linked SCIDs remained significantly smaller (p<0.0001, <0.0001) than normal controls (Fig. 4b ). Patients were included in these studies regardless of whether they were receiving IG therapy. We were also able to assess the percentage of switched memory B cells in 55 of the patients (Table III) . As can be seen, the molecular types of SCID with the lowest percentages of switched memory B cells are the X-SCIDs still receiving IG therapy (p0<0001), the autosomal recessive SCIDs of unknown molecular type (p 0<0001), the ADA-Def SCIDs (p 00.0017) and the CD45-Def SCID. The percentages are normal for all of the other molecular types except the RAG-Def, Artemis-Def and CHH patients (not listed) who do not have any B cells.
B Cell Responses In Vitro
Interactions between CD40 on B cells and its ligand on activated CD4+ T cells are crucial in T cell-dependent B cell responses, and are vital to the generation of memory B cells and germinal centers [45] . IL-4 and IL-21, produced by T cells, promote the expansion of mature B cells that have been stimulated through CD40 [46] . While IL-4 stimulates B cells using the γc-containing IL-4 receptor and the nonγc-containing IL-13 receptor [46] , IL-21 only utilizes the γc-containing IL-21 receptor [30, 47] . The goal of these studies was to test whether poor B cell function posttransplantation was attributed to the underlying SCIDcausing molecular defect or whether it was a consequence of inadequate T cell help. We studied the function of CD19+ selected B cells from PBMC of five X-linked SCIDs (who (Fig. 5b ) and to CpG (Fig. 5c ).
BAFF-R Expression
Normal B-cell survival and differentiation depends upon Bcell activation factor (BAFF). Defects in mouse genes encoding BAFF or BAFF-R abolish the generation of mature B cells. The receptor for BAFF (BAFF-R) is expressed preferentially on B cells. We thus tested whether the expression of BAFF-R on B cells from SCID patients after BM transplantation was different between molecular types that developed B cell function compared to those that didn't, and compared to controls. Flow cytometric studies were performed to test for BAFF-R expression on CD19+ B cells in 56 PBMC samples from 27 SCID patients after BM transplantation, and in 15 control PBMC samples (14 individuals of ≥20 years of age and one newborn). The results, b Fig. 3 a Prior to transplantation, the mean number of CD19+ B cells was significantly larger (p00.0005) for the X-Linked SCIDs than that for the normal controls, while the mean number of CD19+ B cells was significantly smaller in ADA-Def SCIDs (p<0.0001) than that for normal 6 month old controls. B cells were not detected in RAG-Def, CHH and Artemis-Def SCIDs (not shown). X-linked, Jak3-Def and IL7Rα-Def SCIDs also had markedly increased expression of three molecules present on immature cells: CD10, CD5 and CD38 (Fig. 3a) (p<0.0001, 0.0035, <0.0001). b At the latest time studied posttransplantation, the mean number of CD10+ B cells for XLinked SCIDs was significantly larger (p<0.0059) when compared to normal adult controls, but the mean numbers for all other SCID types were not different from normal shown in supplemental Figure 1 , revealed that BAFF-R is constitutively expressed on host CD19+ B cells from all SCID types (X-linked, Jak3-Def, ADA-Def, CD3δ-Def and IL7Rα-Def SCID) after bone marrow transplantation. Only 7 % of SCID samples (3 IL7Rα-Def and one Jak3-Def) showed a lower percentage of CD19+ BAFF-R+ cells at early times after transplantation (<146 days), similar to that found in a normal newborn sample. Further out after transplantation and successful immune reconstitution by donor stem cell-derived T cells, the percentage of CD19+ BAFF-R+ normalized in all of the SCID samples despite the fact that the B cells remained of host origin in 22/27 patients tested. One of the five with donor B cell chimerism was the Jak3-Def patient who had a lower percentage of CD19+ BAFF-R+ cells early after transplantation.
BCR Spectratype Analysis
We next determined whether the B cell functional deficiency in SCID recipients of non-ablated T cell-depleted bone marrow stem cell transplants derives from restricted utilization of immunoglobulin (Ig) genes, resulting in lack of development of a diverse repertoire. This question was addressed by spectratyping the six major VH gene families in an area encompassing the Complementarity Determining Region 3 (CDR3). The selected patients had no evidence of maternal B cells in their PBMC samples, as determined by FISH or RFLP (data not shown). Compiled results from the spectratype analyses of nine BMT treated SCID patients are presented in Table IV . The number of size peaks from each VH family was determined in the patients' samples, and compared with the range of peaks from normal controls. Only 2/9 patients studied (X-3 and X-6) did not express amplification of the VH1, VH5 and VH6 gene families, while all of the other patients revealed a complete representation of the six VH families. Examples of spectratype results from an X-linked (X-1), a Jak3-Def (J-2), an IL7Rα-Def (7-4) patient and a normal control are shown in supplemental Fig. 2 , panels A, B, C and D, respectively). When comparing the spectratype results for the BCR repertoire analysis with that of the TCR repertoire analysis for each patient tested (see last column in Table IV ) [48] the results were different and unpredictable. In fact, a complete polyclonal TCR repertoire, seen in patient X-3, was associated with a partially skewed BCR repertoire, while patient X-1 did not develop a diversified TCR repertoire (0 % polyclonality) but developed a normal BCR repertoire (Table IV) .
Discussion
The studies presented here revealed that normal B cell function can develop in some SCIDs who become T cellreconstituted following non-ablative rigorously T celldepleted haploidentical (N0108) or HLA-identical (N017) bone marrow transplants despite having only host B cells. Although 48.8 % of our patients are currently receiving IG replacement, the percentage receiving it varies based on molecular defect. Only 6 % of the IL-7Rα-Def patients are currently receiving IG, while 83 % of RAG-Def patients and 66 % of X-SCID patients require replacement. It has been suggested that this high IG requirement is due to lack of donor B cell chimerism because they did not receive pretransplant conditioning. However, we do see donor B cell engraftment in approximately one third of our X-linked patients despite the lack of conditioning and those patients do not require IG replacement [1, 2] . Indeed, the percentage with B cell chimerism was higher in X-SCIDs than in any other molecular type. What determines whether or not B cell chimerism will develop is unknown. This was not due to over representation of the HLA-identical transplants among any molecular type. For example, among the 58 X-linked patients, there were only 5 who had an HLA-identical donor and among the 17 with IL7Rα−Def, there was only 1. Moreover, only 10 of the 17 patients who received HLAidentical transplants had donor B cells (Table II) . It is possible that, in patients with specific genetic variants of SCID, there is a competitive inhibition of engraftment of normal donor-derived hematopoietic progenitors by defective host progenitors for occupancy of one or more of the specialized niches in the thymus or bone marrow [50, 51] . In murine models, such resistance to the development of normal precursors within the thymus has been demonstrated in RAG-2 −/− and TCR B −/− but not γc −/− or IL7Rα −/− forms of SCID [52] . Age at transplant is not a factor in B cell chimerism or B cell function and neither is race or sex [3] . Genetic analyses of the cells from γc-Def and Jak3-Def patients without B cell function have revealed all T cells to be genetically donor, whereas the B and antigen-presenting cells remain those of the recipient [2] . A majority of our patients received rigorously T cell depleted bone marrow transplants. Some have advocated using pre-transplant conditioning followed by unfractionated matched unrelated donor cord blood, adult marrow or mobilized peripheral blood stem cells and post-transplantation immunosuppression to mitigate GVHD in an effort to achieve donor B cell reconstitution. However, Stephan et al. [53] and Haddad et al. [21] reported that 35 % and 45 % of survivors, respectively, required immunoglobulin substitution despite conditioning. Thus, conditioning does not always result in B-cell function, and the associated risks may not justify the chance to achieve normal B cell function. Whether unfractionated cord blood or marrow has any advantage over T-depleted marrow in this regard is unknown but the unfractionated unrelated donor products are much more likely to carry significant risks of severe GVHD. It was hoped that gene therapy for X-linked SCID could ensure that B cell function would be normal. However, two recent follow-up reports both revealed that the only lineage corrected long term by gene therapy was T cells [54, 55] . We performed in vitro studies in order to understand whether B cell function in X-linked SCIDs could be detected in vitro under the right type and amount of stimulation provided experimentally. Results from the in vitro stimulation of CD19+ selected B cells with stimuli (IL-21 + anti-CD40) that require the γc receptor for cytokines, revealed that B cells from X-linked SCIDs proliferated very poorly in comparison to IL7Rα-Def or normal B cells. These results are in keeping with those from a recent report showing that IL-21 is the primary common γ chain-binding cytokine required for human B-cell differentiation in vivo [30] . When X-linked B cells were stimulated with IL-4 + anti-CD40 or with CpG, which bypass the γc receptor, they proliferated as efficiently as IL7Rα−Def or normal B cells. These findings support the hypothesis that poor host B cell function posttransplantation is due to the underlying SCID-causing molecular defect, and that B cells from these patients have the potential to develop B cell function under appropriate stimulation conditions. When the γc receptor is normal, as is the case in the IL7Rα-Def SCIDs, B cells can receive sufficient signals from the successfully engrafted T cells to develop function.
It was also possible that B cells in SCIDs who do not develop B cell function have defective expression of receptors (BAFF-R) for essential maturation signals, such as BAFF. We tested this hypothesis by performing flow cytometric analysis of 27 patients of different SCID molecular types, some of whom developed B cell function (IL7Rα-Def) and some of whom did not (Jak3-Def and X-linked) and determined that BAFF-R is expressed on 80 % of CD19 + cells in >93 % of the samples tested over time posttransplantation. Only four samples (3 IL7Rα-Def and 1 Jak3-Def) had low BAFF-R expression at early time points, a result obtained also when testing B cells from a normal newborn. Although the mechanism is unclear at this time, the low receptor expression normalized with time. Thus, the constitutive expression of BAFF-R in B cells from all molecular types of SCID does not correlate with the development of B cell function.
Finally, we tested the hypothesis that the lack of B cell function in some SCID molecular types reflects a limited utilization of Ig genes similar to that taking place during ontogeny. Fumoux et al. [56] showed that, in adults with hematologic malignancies who received BMTs, the expression of the VH repertoire was very different from that of age matched controls: the expression of the VH 3 family was decreased two-to threefold, while other families were overexpressed. Minegishi et al. [57] found in studying the repertoire of IgH chain gene in three X-SCID patients that the JH3 segment was preferentially utilized in the CDR3 and that somatic mutation was absent in all of the JH3 segments. We studied the expression of the B cell repertoire in 5 Xlinked, 3 Jak-3Def and 1 IL7Rα-Def SCIDs to understand the extent of genetic diversity of B cells in these patients and the influence that re-populating donor T cells have on the clonal expansion of B cells. The spectratype results showed a normal or quasi-normal distribution of CDR3 size peaks of the VH families of SCID patients' PBMC indicating that the majority of these patients (7/9) do not appear to have a biased B cell repertoire expression. Finally, the expression of a polyclonal B cell repertoire in BMT treated SCIDs appears to be independent of the expression of a normal T cell repertoire.
Conclusions
These results showed that B cell chimerism was not required for normal B cell function in several molecular types of SCID and that the most important factor determining whether B cell function develops is the underlying molecular defect. In those molecular defects where host B cell function does not develop, donor B cell chimerism is necessary for the development of B cell function.
